I. INTRODUCTION
To further decrease the cost of energy from crystalline silicon ͑c-Si͒ solar cells, the c-Si solar cell wafer thickness is reduced and higher conversion efficiencies schemes are explored. For this purpose, both the optical and electrical quality of the c-Si solar cell wafer have to be optimized. SiO 2 is the material of choice to meet these requirements and is already effectively used in the world-record efficiency c-Si solar cell produced by the University of New South Wales. 1 Thermally grown SiO 2 has an ideal refractive index to maximize internal reflection at the back of the solar cell. The surface passivation of the as-grown SiO 2 is rather poor due to a relative high interface defect density, but is significantly improved by a postdeposition anneal in a hydrogen containing gas ͑forming gas anneal͒. The best level of surface passivation is, however, obtained by evaporating a sacrificial high quality aluminum film ͑0.1-1 m͒ on the SiO 2 and subsequently annealing the Si substrate at 350-400°C. In this so-called alneal step, atomic hydrogen resulting from the aluminum oxidation process passivates defects states at the interface between c-Si and SiO 2 .
2 Applicationwise, the main disadvantages in obtaining a passivating thermal SiO 2 are the long and elaborate processing and the high temperatures in the range of 1000-1100°C that can deteriorate the wafer bulk quality, especially for lower quality substrate material ͓e.g., Czochralski ͑Cz͒ c-Si or multi-c-Si ͑mc-Si͔͒. Recently, these disadvantages were partly solved by using a wet oxidation process at 800°C that resulted in the world-record mc-Si solar cell. 3 However, the processing times were still in the order of hours due to the requirement of a rather thick SiO 2 film of ϳ100 nm for optimal optical performance at the back of the solar cell. The application of a plasma-deposited SiO 2 films, obtained in a low temperature process and with a good level of surface passivation, might form a solution to reduce the processing time needed. SiO 2 films synthesized by plasma enhanced chemical vapor deposition ͑PECVD͒ already have numerous technological applications. They are used as a dielectric in complementary metal-oxide semiconductor ͑CMOS͒ devices, 4 as an oxygen and water permeation barrier on polymers, 5, 6 as a scratch resistant coating for, e.g., car glazing, and as protective layer for semiconductor devices. 7, 8 In the field of microelectronics a lot of effort is put in the development of plasma-deposited SiO 2 films with a low interface defect density. This has led to plasma-deposited SiO 2 films with an interface defect density of ϳ5 ϫ 10 10 cm −2 eV −1 after an alneal at 400°C. 9 These SiO 2 films also showed excellent surface passivation on nearly intrinsic ͑Ͼ500 ⍀ cm͒ n-type c-Si. 10 However, for the production of solar cells generally lower resistivity wafers are used and it is well known that the level of surface passivation is strongly dependent on the substrate doping level. The effective surface recombination velocity on the commonly used p-type c-Si substrates with a resistivity of 1 ⍀ cm was only in the range of 700 cm/ s. 11 Leguit et al. and Sivoththaman et al. were able to reach minimal effective surface recombination velocities of ϳ100 cm/ s on moderately doped p-or n-type c-Si. 12, 13 However, for higher doping levels the effective surface recombination velocity strongly increases. 12, 13 It should be noted that the surface passivation of the as-deposited SiO 2 films in all these studies was rather poor and a 20 min or 15 h anneal at 350-400°C in a forming gas ͑commonly 10% H 2 in nitrogen͒ was required to achieve the reported level of surface passivation. [11] [12] [13] Furthermore, a forming gas anneal or alneal is also essential to obtain a good level of surface passivation for both wet or thermal oxide. 3, 14 In the aforementioned studies of the surface passivation of plasma-deposited SiO 2 films, SiH 4 -O 2 or SiH 4 -N 2 O gas mixtures were used to deposit the SiO 2 films. [11] [12] [13] However, also organosilicons such as tetraethoxysilane ͑TEOS͒, hexamethyldisiloxane ͑HMDSO͒, or octamethylcyclotetrasiloxane ͑OMCTS͒ can be used for the deposition of SiO 2 films. Organosilicons are relatively inexpensive, nonflammable, and have a low toxicity rating; hence, no special safety installation is required as in the case of SiH 4 . Films deposited using organosilicons also give a better step coverage compared to films deposited with SiH 4 . 15 A possible disadvantage of using organosilicons for SiO 2 deposition is that carbon and water related impurities can be built into the film that can influence the electrical performance. 16 In this study we used OMCTS in combination with an Ar-O 2 mixture as SiO 2 growth precursor. OMCTS is an inexpensive, relatively nonhazardous liquid and has four cyclic Si-O groups and eight methyl groups. The desired Si-O-Si groups are already present in the molecule and OMCTS has a higher Si-O to carbon ratio than, e.g., TEOS. OMCTS was, for example, already used for the deposition of low-k ͑k = 2.8-3.2͒ carbon doped silicon oxide films by Ross and Gleason. 17 Rau and Kulisch 18 and Qi et al. 19 used several organosilicons to deposit SiO 2 -like films and found that films deposited using OMCTS showed the lowest carbon content. Nearly stoichiometric SiO 2 -like films could be deposited using an O 2 / OMCTS ratio of eight. 19 An extensive material characterization of SiO 2 -like films deposited by using OM-CTS was reported by Zajickova et al., where the impact of an additional substrate bias on the SiO 2 material quality was studied in detail. 20 In this article we will show that SiO 2 films with a low impurity content and a high level of surface passivation can be deposited by means of the expanding thermal plasma technique using an Ar-O 2 -OMCTS mixture. First the SiO 2 films deposited for a varying OMCTS/ O 2 ratio will be considered and their film properties studied by various optical and nuclear profiling techniques will be reported. Subsequently, the level of surface passivation of the SiO 2 films will be addressed on low resistivity n-type substrates. Finally, the effect of a post-thermal treatment in a forming gas on the level of surface passivation and the composition of the films will be reported.
II. EXPERIMENTAL DETAILS

A. Expanding thermal plasma setup
The SiO 2 films were deposited using a laboratory-scale reactor employing the expanding thermal plasma ͑ETP͒ technique, as shown in Fig. 1 . This setup is already described extensively in the literature ͑see, e.g., van Hest et al. 21 ͒ and will, therefore, only be addressed briefly here. An Ar plasma is created at subatmospheric pressures ͑typically 0.5-0.7 bar͒ in the ETP source and then expands supersonically through a nozzle into the deposition chamber, which is kept at a low pressure of 0.3-0.5 mbar by a two-stage roots blower system. Overnight the system is evacuated by a turbo molecular pump to a base pressure of Ͻ10 −5 mbar. Via the nozzle O 2 ͓0 -200 SCCM ͑SCCM denotes cubic centimeter per minute at STP͔͒ is injected into the plasma expansion. Finally an Ar-OMCTS mixture is fed into the plasma at ϳ5 cm from the plasma source by an injection ring. The OMCTS flow rate ͑4 -200 g / h, 6 -280 SCCM͒ is set by means of a Bronkhorst liquid flow meter ͑L2͒ and is thereafter evaporated ͑boiling point of 176°C at 1 bar͒ and mixed with Ar ͑0 -500 SCCM͒ in a controlled evaporation module ͑CEM͒ ͑Bronkhorst W-202A͒ operating at 95°C. The Ar-OMCTS mixture is transported to the reaction chamber in a heated line ͑ϳ120°C͒ to prevent condensation. The substrates are placed in the deposition chamber via a loadlock system with a base pressure of Ͻ10 −5 mbar. The substrate holder can be heated up to 400°C by means of resistive heating element. Good thermal contact between the substrate and the chuck is ensured by a He backflow ͑ϳ100 SCCM͒ allowing a temperature control within Ͻ10°C during plasma deposition as confirmed by means of infrared interferometry.
22
B. Film analysis
The films analyzed in this study were deposited on single side polished 10-20 ⍀ cm p-type Cz c-Si substrates with a ͗100͘ orientation. The substrates were ultrasonically cleaned in ethanol for 40 min and blow dried with N 2 prior to deposition. In case of the Rutherford backscattering ͑RBS͒ measurements, the substrates were immerged in a diluted HF solution ͑5%͒ prior to deposition to remove the native oxide. The films were measured both in situ and ex situ by spectroscopic ellipsometry ͑Woollam M2000͒ in the 250-1000 nm wavelength range. The data were analyzed by a three layer model consisting of the c-Si substrate with native oxide, the SiO 2 layer with the dielectric function described with the Tauc-Lorentz formalism, 23 and a surface roughness layer described by the Bruggeman effective medium approximation assuming a mixture of 50% bulk layer and 50% voids. More information about the surface roughness was obtained by atomic force microscopy ͑NT-MDT Solver P49 pro͒. Infrared absorption spectra were measured by Fourier transform infrared ͑FTIR͒ spectroscopy ͑Bruker Vector 22͒ in the 370-8000 cm −1 range with a resolution of 4 cm −1 . The measurements were taken at normal incidence both prior to and after deposition to obtain a reliable background of the transmission spectrum. At least 20 spectra were averaged to obtain a sufficiently high signal-to-noise ratio. The absorption spectrum of the SiO 2 film was deduced by taking into account interference effects in the films. 24 The atomic composition of the films was obtained from RBS and elastic recoil detection ͑ERD͒ measurements. For the RBS/ERD measurement a monoenergetic beam of high energy He + ions ͑2 MeV͒ was directed at the sample at normal incidence in the case of RBS or at 75°with respect to the normal for ERD. 25 The impurity content of the SiO 2 films was further investigated by dynamic secondary ion mass spectrometry ͑SIMS͒ using a 3 keV O 2 + primary beam with a current of 180 nA on a 180 m 2 spot size.
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C. Surface passivation
The surface passivation of the SiO 2 films was tested on double side polished float zone ͑FZ͒ 1.3 ⍀ cm n-type c-Si substrates with a thickness of 380 m. The c-Si substrates were cleaned using a conventional Radio Corporation America clean and received a final cleaning step in diluted HF ͑5%͒ prior to the deposition. A SiO 2 film was deposited on both sides of the c-Si wafer and the effective lifetime of the charge carriers in the lifetime sample was determined by means of the photoconductance decay method ͑Sinton WCT100͒. These measurements were performed both in transient and quasi-steady-state mode taking the reflectivity of the wafer into account. 27 The effective surface recombination velocity was calculated by assuming an infinite bulk lifetime in the float zone c-Si substrates.
The impact of a post-thermal anneal on the level of surface passivation of the SiO 2 films was studied by annealing the lifetime samples in a forming gas ͑10% H 2 in N 2 ͒ environment in the temperature range of 400-700°C using a rapid thermal anneal oven ͑AST SHS-100͒. The impact of a forming gas anneal ͑FGA͒ on the SiO 2 film properties was also investigated by means of FTIR and RBS.
III. FILM PROPERTIES
A. Optical analysis
From our previous depositions using HMDSO as the main growth precursor, we know that a high amount of Ar + ions and atomic oxygen is needed to remove the methyl groups from the organosilicon growth precursor. 28 For this reason the highest Ar ͑2000 SCCM͒, highest plasma current ͑75 A͒, and O 2 flow rates ͑200 SCCM͒ were chosen in this experiment and the OMCTS flow was varied in the range of 6 -30 SCCM at a substrate temperature of 400°C. The resulting refractive index ͑at 2 eV͒, extinction coefficient ͑at a photon energy of 5 eV͒, film thickness, and deposition rates obtained at different OMCTS flows are summarized in Table  I . The deposition rate of the SiO 2 films, as determined by dividing the film thickness by the deposition time, increased linearly with the OMCTS flow up to ϳ1.12 m / min for an OMCTS flow of 20 SCCM, as shown in Fig. 2͑a͒ . For the highest investigated OMCTS flow of 28 SCCM, the deposition rate of ϳ1.4 m / min was lower than expected from this linear relation. The deposition rates are comparable with the values reported by Qi et al. for an electron cyclotron resonance ͑ECR͒ plasma, 19 although they used a higher OMCTS flow of 50 SCCM. As shown in Fig. 2͑a͒ the refractive index of the SiO 2 films was constant at 1.46-1.47 for an OMCTS flow up to 13 SCCM and nearly equal to the refractive index of thermally grown SiO 2 ͑n = 1.46 at 2 eV͒. When the OM-CTS flow rate was increased from 13 to 28 SCCM, the refractive index of the deposited SiO 2 -like film gradually increased up to 1.67 for a film deposited with an OMCTS flow of 28 SCCM. This change can be explained by an change in the O / Si ratio to values below 2 and the incorporation of carbon in the film, as determined by means of RBS and summarized in Table II . 29 For the SiO 2 -like films deposited at the highest OMCTS flow rates, also absorption in the UV part of the spectrum had to be taken into account. However, the extinction coefficient was very moderate with a value of 0.15 at a photon energy of 5 eV for the film deposited with an OMCTS flow of 28 SCCM. This also indicates a change in atomic composition of the films. No significant difference between the refractive index measured in situ and ex situ was observed, indicating no observable water uptake after exposure to air. 30 From the spectroscopic ellipsometry analysis the SiO 2 layers appeared to be very smooth with no significant surface roughness for low OMCTS flows. For higher OMCTS flows the surface roughness was estimated to increase up to ϳ4 nm. This was verified by atomic force microscopy ͑AFM͒ measurements. Samples with a thickness of ϳ200 nm were deposited for three OMCTS flows. The root mean square surface roughness of a SiO 2 film deposited with low OMCTS flows of 6 and 9 SCCM was found to be ϳ0.5 nm. However, for a SiO 2 film deposited with an OM-CTS flow of 28 SCCM the rms surface roughness increased up to ϳ2.4 nm.
B. Compositional analysis
To get more insight in the composition and atomic density of the SiO 2 films three samples were analyzed by means of RBS/ERD and SIMS. For this reason SiO 2 films were deposited for three OMCTS flows of 6.3, 9.2, and 28.3 SCCM on HF dipped c-Si substrates keeping the other deposition conditions equal to those used in the optical analysis. The deposition time was chosen such that the resulting film thickness for all films was approximately 200 nm.
From the RBS/ERD measurements, as summarized in Table II , it is observed that the SiO 2 films deposited with a low OMCTS flow are nearly stoichiometric in composition and have a small residual hydrogen content of ϳ2%. The residual carbon content is below the detection limit of RBS ͑Ͻ3 at. % ͒. For the highest OMCTS flow studied, the SiO 2 -like films are Si rich and also higher levels of C ͑4.5 at. % ͒ and H ͑17.8 at. % ͒ are incorporated in the film. These results are comparable to the results published by Qi et al.
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For a more quantitative analysis of the carbon content the SiO 2 films were analyzed by means of the SIMS technique. The carbon concentration in the films deposited with a low OMCTS flow ͑6.3 and 9.2 SCCM͒ was determined to be below the detection limit of 0.03 at. %. The carbon content of the SiO 2 -like film deposited with an OMCTS flow of 28.3 SCCM was easily detectable and in agreement with the results obtained by RBS. Therefore, we can conclude that the SiO 2 films deposited with a low OMCTS flow do not contain a significant amount of residual carbon. However, when using higher OMCTS flow carbon is incorporated into the film. ing, and stretching bands of Si-O-Si ͑as summarized in Table III͒ were detected in all SiO 2 films. The various absorption peaks were fitted using a Gaussian distribution and the peak position of the in-phase asymmetric stretching mode ͑AS1 mode͒ is shown as a function of the OMCTS flow in Fig. 4 . The AS1 mode is known to shift as a function of the composition or density of the SiO 2 films. [31] [32] [33] From Fig. 4 we can learn that the peak position of the AS1 mode is approximately constant for OMCTS flows up to 13 SCCM, and then continuously decreases when increasing the OM-CTS flow up to 28 SCCM. This is in agreement with the observed increase in the refractive index of the SiO 2 film due to the change in atomic composition as observed by RBS and summarized in Table II . The total normalized absorption in the Si-O stretch mode decreased by approximately 30% when the OMCTS flow was increased from 6 to 28 SCCM, in agreement with the decrease in oxygen content as measured by RBS.
C. Infrared analysis
When increasing the OMCTS flow above 13 SCCM also residual carbon and hydrogen were detected in the FTIR spectrum at the peak positions summarized in Table III for the Si-H stretching mode, 34 a bonded hydrogen concentration of ϳ8 ϫ 10 21 cm −3 can be calculated for the SiO 2 -like film deposited with an OMCTS flow of 28 SCCM. Combining the RBS and FTIR data we can learn that most hydrogen is bonded to silicon for the SiO 2 -like film deposited with the highest OMCTS flow. This is remarkable because no Si-H bonds are present in the growth precursor itself.
IV. SURFACE PASSIVATION AND THE IMPACT OF ANNEALING
A. Surface passivation by SiO 2 films
SiO 2 films deposited with OMCTS flows of 6.6 and 9.2 SCCM were selected to test the surface passivation on low resistivity n-type c-Si. The level of surface passivation was measured prior to and after a post-thermal treatment, as shown in Fig. 5 . For both deposition conditions, the surface passivation of the as-deposited SiO 2 films was rather poor with an effective surface recombination velocity of 4 ϫ 10 3 cm/ s. This is comparable to the values reported for SiO 2 prepared by wet oxidation, 3 but higher compared to thermal SiO 2 . 2 However, a 30 min forming gas anneal ͑10% H 2 in N 2 ͒ at 400°C already improved the surface passivation to effective surface recombination velocities of 7 ϫ 10 2 and 3 ϫ 10 2 cm/ s for SiO 2 films deposited with OMCTS flows of 6.2 and 9.2 SCCM, respectively. A similar improvement was reported on p-type c-Si for SiO 2 grown by wet oxidation. 3 By adopting even higher annealing temperatures, the level of surface passivation kept improving. The best results were obtained by performing a 15 min forming gas anneal at 600°C, leading to an optimal effective surface recombination velocity of 54 cm/ s for a SiO 2 film deposited with an OMCTS flow of 9.2 SCCM. For higher annealing temperatures the effective surface recombination velocity increased again, for example, for a 15 min FGA at 700°C, an effective surface recombination velocity of ϳ100 cm/ s was obtained for a SiO 2 film deposited with an OMCTS flow of 9.2 SCCM.
The obtained level of surface passivation of plasmadeposited SiO 2 films on low resistivity n-type substrates is significantly higher compared to the results previously reported. The best values reported on low resistivity n-type substrates were in the 100-400 cm/ s range obtained on slightly higher resistivity substrates ͑3-6 ⍀͒, 12, 13 and it is generally found that the effective surface recombination velocity decreases for increasing wafer resistivity. The surface recombination velocity shows only a limited injection level dependence, similar to what is observed for silicon carbide, amorphous silicon, and silicon nitride on low resistivity n-type crystalline silicon. [35] [36] [37] The improvement of the surface passivation with increasing annealing temperature up to 600°C is not in agreement with results obtained by Chen et al. 10 They found that the optimal annealing temperature was 350°C for their plasma-deposited SiO 2 , while for annealing temperatures above 350°C the level of surface passivation significantly deteriorated. The stability of the surface passivation by plasma-deposited SiO 2 is generally a concern. 10, 12, 13 The level of surface passivation of our samples did not deteriorate over time and was tested to remain constant over a period of more than half a year.
For SiO 2 grown by wet or thermal oxidation, an anneal in forming gas or anneal is essential to maximize the level of surface passivation. 2, 3 This improvement is related to a significant reduction of the interface defect density by atomic hydrogen. In our SiO 2 films, however, already 2 at. % hydrogen is present in the films, which can diffuse during the anneal and passivate interface defect states. For this reason, some lifetime samples were annealed in a nitrogen only environment to investigate the impact of the presence of H 2 during the forming gas anneal. As shown in Fig. 6 , no significant improvement in the effective surface recombination velocity can be observed when the most successful anneal, 15 min at 600°C, is applied in a nitrogen environment. However, by a subsequent forming gas anneal at 400°C, similar effective surface recombination velocities were found as before, hence, without the additional anneal at 600°C. Also the scheme applied by Sivoththaman et al., 13 a 45 s rapid thermal anneal at 1040°C, did not yield any improvement in the level of surface passivation compared to the asdeposited film. A subsequent forming gas anneal for 30 min at 400°C resulted in a surface recombination velocity of ϳ500 cm/ s; hence, no improvement was observed by the additional anneal. It seems that the presence of hydrogen in the annealing environment is essential to improve the level of surface passivation for our SiO 2 film, despite the presence of hydrogen in the film.
Preliminary experiments showed that a 30 min alneal at 400°C after a forming gas anneal at 600°C did not yield any improvement in the level of surface passivation. This is in contrast to the results published for thermal oxide where an alneal after a forming gas anneal resulted in a large improvement in the level of surface passivation. 
B. Compositional changes due to annealing
The compositional changes of the SiO 2 film due to the forming gas anneal at 600°C were investigated by means of FTIR and RBS. For this reason 200-nm-thick SiO 2 films were deposited on single side polished 10-20 ⍀ cm Cz c-Si substrates that had received a HF dip of 1 min prior to deposition. The RBS sample was divided into two parts and one part was treated by a forming gas anneal at 600°C. The FTIR spectrum ͑averaged over 800 scans to increase the sensitivity͒ of the substrate with the SiO 2 film was taken after a FGA at 600°C and divided by the spectrum taken prior to the forming gas anneal. The resulting differential infrared transmission spectrum is shown in Fig. 7 . From this figure it is clear that both the intensities of the Si-O-Si rocking and stretching modes increased after annealing. Also a peak shift of the asymmetric Si-O-Si stretching mode from 1048 to 1060 cm −1 can be observed. Furthermore, by fitting the absorption spectrum by means of multiple Gaussian peaks, we observe a decrease in the peak widths of all the Si-O-Si related absorption peaks. The increased sensitivity ͑800 instead of 20 averages͒ also allows detecting an O-H related absorption in the as-deposited SiO 2 film. This O-H related absorption peak is completely removed during annealing and it was not detected in the FTIR spectrum of the sample after the forming gas anneal. The amount of O-H in the deposited film is estimated to be ϳ1.1ϫ 10 21 cm −3 ͑1.8 at. % ͒ using an O-H proportionality constant of 0.44 ϫ 10 20 cm −2 . 34 This is in good agreement with RBS analysis, summarized in Table II, where 1.2ϫ 10 21 cm −3 ͑2 at. % ͒ of hydrogen was detected in the SiO 2 film deposited with an OMCTS flow of 9.2 SCCM. The removal of hydrogen during the forming gas anneal was also confirmed by RBS; the hydrogen concentration decreased from 2.1 down to 0.7 at. % after the forming gas anneal. From spectroscopic ellipsometry measurements a decrease of ϳ4% in film thickness was observed, indicating a significant densification of the SiO 2 film during the forming gas anneal.
V. CONCLUSIONS
In this article we have shown that SiO 2 films with a low impurity content and a high level of surface passivation can be deposited by the ETP technique at a high rate from an argon/oxygen/OMCTS mixture. From the material analysis we can conclude that SiO 2 films deposited with a low OM-CTS to oxygen ratio have a carbon content below 0.03% and a low hydrogen ͑ϳ2 at. % ͒ content mainly present in the form of O-H groups. When increasing the OMCTS to oxygen ratio the O / Si ratio of the films changes to below 2 and a significant amount of carbon ͑up to 4.5 at. %͒ is incorporated into the film. The amount of hydrogen in the film also significantly increases ͑up to 17 at. %͒ and the hydrogen is mainly bonded to silicon for the SiO 2 -like films deposited with a high OMCTS flow.
The level of surface passivation of the SiO 2 films is significantly improved by a FGA and the best results are obtained with a 15 min FGA at 600°C. The FGA densifies the SiO 2 film and the bulk hydrogen content of the film is reduced by a factor of 3. The presence of H 2 during the postdeposition anneal is shown to be essential to improve the level of surface passivation. The obtained effective surface recombination velocity of 54 cm/ s on 1.3 ⍀ cm n-type c-Si is the best reported value so far for PECVD SiO 2 films on low resistivity c-Si.
